We used a functional MRI paradigm involving conventional vs. unconventional views of objects to assess bottom-up vs. top-down visual processing in Parkinson's disease (PD) with normal cognition, PD with mild cognitive impairment (MCI), and MCI due to Alzheimer's disease (AD) as compared to healthy controls. We particularly aimed at determining whether the task discriminated between PD with and without MCI and between two MCI groups due to distinct pathologies (AD and PD). Methods: 116 right-handed subjects (21 MCI due to AD; 16 PD with normal cognition; 24 PD with MCI; 55 healthy controls) performed a visual object-matching task in a T MR scanner. T statistic maps were computed to contrast task-based activation during unconventional vs. conventional view conditions. One-way ANOVAs and post hoc tests were performed to assess differences across and between groups. Results: Both MCI groups performed worse than controls in the unconventional views condition and showed reduced activation of right anterior cingulate cortex and right superior parietal lobule (PD with MCI), and right middle and inferior frontal gyri (MCI due to AD). Neural responses in cortical areas within the ventral and dorsal visual pathway appeared to be preserved in both MCI groups. Receiver operating characteristic analysis of MRI contrast in the right superior parietal lobule distinguished PD with and without MCI with 87.50% sensitivity and 86.98% specificity. Conclusions: Impaired recognition of objects presented in unconventional orientations in MCI due to PD and AD was associated with decreased activation of frontoparietal regions, consistent with defective top-down regulation of visual processing. Aberrant activation of superior parietal cortex may serve as an early imaging biomarker of impending cognitive impairment in PD.
Introduction
Contemporary neuroscience models of visual cognition postulate the existence of two processing streams (Ungerleider Leslie and Mortimer, 1982) that originate in primary visual cortex (V1) (Ungerleider and Haxby, 1994) . The 'what' or ventral stream located within temporo-occipital cortex is important for identification of objects, whereas the 'where' or 'how' dorsal stream projects to parietal cortex and is implicated in visuospatial functions including the processing of information about object orientation critical for visually guided actions (Creem and Proffitt, 2001; Goodale and Milner, 1992; Ungerleider Leslie and Mortimer, 1982; Ungerleider and Haxby, 1994; Valyear et al., 2006) . Consistent with the dual pathway model, some authors have described a behavioural double dissociation between object identity and object orientation judgments in patients with damage to the ventral vs. dorsal visual streams (Turnbull, 1997; Valyear et al., 2006) . Similarly, some fMRI studies in normal subjects have reported selective activation of the ventral vs. dorsal pathways when objects were presented in conventional vs. unconventional orientations (Valyear et al., 2006) . By contrast, a number of imaging studies have reported the engagement of both ventral and dorsal pathways during object identity and orientation judgments (Altmann et al., 2005; Ganis et al., 2007; Grill-Spector et al., 2001; Schendan and Stem, 2007; Schendan and Stern, 2008) . It has also been shown that, in addition to bottom-up processing of visual information by the ventral and dorsal pathways, presenting objects in unconventional orientations engages frontoparietal cortical networks implicated in top-down attention and executive control functions (Ganis et al., 2007; Kosslyn et al., 1994; Schendan and Stem, 2007; Schendan and Stern, 2008) .
Identification of objects from unconventional views and mental rotation have also been used to assess the functional integrity of cortical visual pathways in neurodegenerative disorders, including mild cognitive impairment due to Alzheimer's disease (AD-MCI) (Jacobs et al., 2012 (Jacobs et al., , 2015 , in preclinical individuals at-risk for AD (Yassa et al., 2008) , and in Parkinson's disease (PD) (Nombela et al., 2014; Possin, 2010; Uc et al., 2005) . The authors used these specific cognitive tasks with an aim to test task-induced engagement of parietal cortices in both AD and PD because of the early involvement of these brain regions in both diseases (Bohnen et al., 2003; Braak and Braak, 1996; Buckner et al., 2005; Garcia-Garcia et al., 2012; Hosokai et al., 2009; Huang et al., 2008 Huang et al., , 2007 Jacobs et al., 2012; Liepelt et al., 2009; McKee et al., 2006; Pappata et al., 2011) . These studies have found that MCI patients and subjects at-risk for AD performed as well as controls on these visuospatial tasks, but showed evidence of compensatory increases in activation and functional connectivity within components of the network activated in normal subjects, including both occipito-temporoparietal visual areas and frontoparietal regions involved in attention and executive control. Only one study used functional imaging during a mental rotation task in PD (Nombela et al., 2014) and provided evidence of an association between defective mental rotation and reduced activation of left parietal cortex. However, no study exists that directly compares neural correlates of visual processing of objects from unconventional (spatially rotated) views in well-defined groups of patients with mild cognitive impairment (MCI) caused by different pathologies (AD, PD).
Therefore, in the present study we used an object matching fMRI task with objects presented in both conventional and unconventional views in order to assess engagement of brain areas involved in bottomup and top-down visual processing in four groups of subjects: PD with normal cognition (PD-NC), PD with MCI (PD-MCI), MCI due to AD (AD-MCI), and age-matched healthy controls (HC). We particularly aimed at determining whether the task discriminated between 1. PD-NC and PD-MCI, and 2. MCI groups caused by distinct pathologies (AD, PD). We predicted that behavioural deficits on our visual object-matching task in patient groups will be associated with abnormal neural activation and that identifying the specific brain regions involved will provide useful information about possible underlying cognitive mechanisms in both MCI groups.
Materials and methods

Subjects
116 right-handed subjects (21 AD-MCI; 16 PD-NC; 24 PD-MCI, and 55 HC) performed a visual object-matching task in a 3T MR scanner (for demographic data, see Table 1 ). AD-MCI, PD-NC and PD-MCI patients were recruited and longitudinally followed at the First Department of Neurology, St. Anne's University Hospital in Brno, Czech Republic. They were matched with 55 HC subjects in age, sex, and education. We classified participants into PD-NC, PD-MCI, AD-MCI and HC groups according to published criteria (Albert et al., 2011; Litvan et al., 2012; Ward and Gibb, 1990 ) based on clinical assessment, interview with the patients and their caregivers, brain MRI, and a detailed cognitive assessment using a comprehensive neuropsychological battery. The AD-MCI cohort included non-demented individuals with some concerns about cognitive decline, objective impairment in episodic memory or in multiple cognitive domains in addition to memory > 1.5 SD below the mean for their age and education matched peers, and preserved independent functioning (Albert et al., 2011) . PD-MCI was defined as a cognitive decline with a performance > 1.5 SD below the mean for ageand education-matched control population on two or more tests from the neuropsychological battery (Berankova et al., 2015) in patients already diagnosed with PD. This is in accordance with level 1 (comprehensive) MDS criteria for diagnosis of PD-MCI (Litvan et al., 2012) . PD-NC patients performed as well as HC on all cognitive measures. All of the assessments in PD subjects were conducted in the "on" state on dopaminergic medication.
None of the subjects had a current depressive episode or any major psychiatric disease. Exclusion criteria included a history of any illness affecting the central nervous system (other than AD-MCI and PD-NC/ PD-MCI), substance abuse, and ferromagnetic metal in the body. None of the PD subjects underwent deep brain stimulation surgery. Visual acuity and colour perception were assessed prior to the study entry in all subjects. Ironless glasses were used inside the scanner in those subjects who needed visual acuity correction. The study was approved by the local ethics committee, and all of the patients signed an informed consent form.
Neuropsychological and motor assessment
All participants underwent a neuropsychological examination using a comprehensive cognitive battery evaluating attention, executive function, memory, visuospatial function and language (Berankova et al., 2015) , see Supplementary material for detailed description. Composite cognitive domains' z-scores were calculated for each subject (Aarsland et al., 2010) . Activities of daily living were assessed by Functional Activities Questionnaire (FAQ-CZ) (Bartoš et al., 2008) and depression by the Geriatric Depression Scale (GDS) (Yesavage and Sheikh, 1986) .
The definition of cognitive impairment was based on performance on individual tests in one or more cognitive domains (Albert et al., 2011; Litvan et al., 2012) . All PD patients were examined by the Unified (Fahn and Elton,1987) , MMSE -Mini Mental State Examination, GDS -Geriatric Depression Scale, FAQ-CZFunctional Activities Questionnaire, percentage of self-sufficiency, SD -standard deviation. Significant between-groups differences (as revealed by post-hoc tests) are in bold marked with superscripts and showing that PD-MCI were younger than AD-MCI; PD-NC completed more years of education than AD-MCI and PD-MCI groups; PD groups had higher prevalence of males compared to non-PD groups; MMSE was lower in MCI groups compared to non-MCI groups; FAQ-CZ was lower in both MCI groups compared to HC.
Parkinson's Disease Rating Scale (UPDRS) III Motor Examination scores in the "on" dopaminergic state (Fahn and Elton, 1987) .
Procedure
The visual cognitive task consisted of 60 pairs of emotionally neutral images of common objects (30 pairs of conventional view images, 30 pairs of unconventional view -spatially rotated, i.e. with one image of the object pair presented in an unconventional rotation, see Fig. 1 , lines 3 and 4) and 30 pairs of dots with a symbol placed on the right or left side (a control task). Each event type comprised the following sequence: a mask stimulus (1 s), followed by the picture of the first object (1 s), followed by a mask (1 s), followed by the picture of the second object (1 s), followed by a mask (1 s), ending with a fixation cross (5 s). Participants viewed successive paired images. The second image of each pair was either: same (identical) as the first image (conventional condition 1); different in identity (conventional condition 2); same as the first image but spatially rotated (unconventional condition 3); different in identity and spatially rotated (unconventional condition 4).
Each of the event types (conventional 1 and 2, unconventional condition 3 and 4, control task for left and right side) occurred fifteen times during a protocol. Participants were instructed to respond as quickly as possible by pressing a YES (left) button if the second object of the paired images was the same as the first object (regardless of spatial orientation) or by pressing NO (right) button if they were different. In the control task participants responded with buttons depending on the side of a dot symbol placement, see Fig. 1 . Conditions were randomly intermixed. The number of correct responses was an outcome measure.
All subjects performed a visual object-matching task in a 3T MR scanner and they underwent training of the task before they were scanned. Only subjects who understood the commands and successfully completed at least 5 consecutive trials during the training period were eligible for the study.
The behavioural data from visual task were analyzed using Kruskal-Wallis one-way analysis of variance. Non-parametric post hoc tests (multiple comparisons of means) were used to specify betweengroups differences.
MRI data acquisition and preprocessing
We acquired 435 scans of task fMRI scans using gradient-echo echoplanar imaging sequence: TR = 2.080 ms, TE = 30 ms, FOV = 192 mm, flip angle = 90°, matrix size 64 × 64, slice thickness = 3 mm, 39 transversal slices followed by high-resolution anatomical T1-weighted images using MPRAGE sequence with 240 sagittal slices, TR = 2300 ms, TE = 2.36 ms, FOV= 256 mm, flip angle = 8°, matrix size 256 × 256, slice thickness = 1 mm. Images were acquired for each subject using the 3.0 T Siemens Prisma MR machine.
The SPM12 running under Matlab 8.2 (Mathworks Inc., USA) was used to analyze fMRI data. The preprocessing consisted of realignment and unwarping of functional scans, normalization to fit a standard anatomical space (MNI) and spatial smoothing using a Gaussian filter with a full width at half maximum of 5 mm. The SPM12 with DARTEL toolbox was also used for segmentation of T1 images and for voxel based morphometry (VBM).
MRI data analysis
The effect of stimulation was computed using a general linear model as implemented in SPM12. The experimental stimulation time course was convolved with a canonical hemodynamic response function. Six movement regressors (obtained during realignment and unwarping of functional scans) were used as nuisance regressors; t statistic maps were computed to assess the effects of activation or deactivation with respect to the conventional view task, unconventional view task and control conditions. Corresponding contrast files were then used in the secondlevel random effect analyses to assess differences across the groups (one-way ANOVA) within two different cohorts: 1. HC, PD-NC, and PD- Fig. 1 . Visual matching task using conventional and unconventional views of object pairs and the control task. Line 1: Conventional view task condition; the correct answer is YES (left button), Line 2: Conventional view task condition; the correct answer is NO (right button), Line 3: Unconventional view task condition; the correct answer is YES (left button), Line 4: Unconventional view task condition; the correct answer is NO (right button), Line 5: Control task condition (right button), Line 6: Control task condition (left button).
MCI to allow comparisons of PD patients with and without cognitive impairment and 2. HC, AD-MCI, and PD-MCI to compare groups with cognitive impairment attributable to different brain pathologies. Age, gender, brain atrophy and education were used as covariates. Brain atrophy was estimated as ratio of gray matter volume (GMV) to total intracranial volume (TIV), where TIV was computed as sum of GMV, white matter volume and cerebrospinal fluid. Group results were assessed using cluster level inference at p (FWE) < 0.05 at a height threshold of p (uncor) < 0.001. Post-hoc t-tests were used to specify between-groups differences.
We also performed voxel-based morphometry (VBM) from T1 (MPRAGE) sequences (Rektorova et al., 2014) to assess gray matter atrophy in the HC, PD-NC, PD-MCI and in the HC, AD-MCI and PD-MCI cohorts.
The ROC analysis was used to classify specific groups of subjects based on fMRI contrasts in regions of between-groups differences. The leave-one-out cross-validation (LOOCV) technique was used to avoid biased results (Gengsheng and Hotilovac, 2008; Hanley and McNeil, 1982) .
Finally, in order to interpret fMRI contrast results in regions of between-groups differences we further performed correlation analyses between behavioural and fMRI results within relevant groups of subjects using Spearman correlation analyses.
Results
Demographics, clinical status, and cognitive assessment
Demographic and clinical variables for all groups are shown in Table 1 . Patients with PD were on levodopa ± dopamine agonist ± COMT (catechol-O-methyltransferase) inhibitor. All PD patients had bilateral parkinsonism. Nine PD-NC patients had left-sided and seven had right-sided symptoms dominance. Eight out of the PD-MCI participants had left-sided, and 16 had right-sided parkinsonian symptoms dominance. None of the subjects from PD-NC, PD-MCI, and AD-MCI groups were on antipsychotic medication and/or suffered from hallucinations, psychosis or major depression.
The AD-MCI group consisted of 57% single-domain amnestic MCI and 43% multiple-domain (amnestic plus) MCI. The PD-MCI group consisted of 50% single-domain MCI and 50% multiple-domain MCI (50% amnestic plus and 50% non-amnestic).
We found that the groups differed in age, the post-hoc t-test revealed that only AD-MCI were significantly older than PD-NC. AD-MCI and PD-MCI completed significantly fewer years of education than PD-NC. In HC and AD-MCI groups there were significantly more females than males, in PD-NC and PD-MCI there were significantly more males. The disease duration in AD-MCI (1.9 ± 1.1 years) was significantly shorter than in PD-NC (4.4 ± 2.5 years) and PD-MCI (5.5 ± 4.0 years). In global cognitive function, as assessed by MMSE, HC and PD-NC had significantly higher scores than AD-MCI and PD-MCI. The HC group performed significantly better in activities of daily living than AD-MCI and PD-MCI groups as assessed by FAQ-CZ, see also Table 1 .
For comprehensive neuropsychological battery results in all groups, see Supplementary material Table S1 . Composite cognitive domains' zscores and statistical differences between groups are displayed in Tables S2a-f in Supplementary material. There were significant differences (p < 0.000) in the attention and memory domain z-scores between AD-MCI and HC, between PD-MCI and HC, and between PD-MCI and PD-NC. Regarding the executive functions domain z-score we found significant differences (p < 0.000) between AD-MCI and HC/PD-NC groups and between PD-MCI and HC/PD-NC groups. In visuospatial domain z-score the PD-MCI group differed significantly from the HC group (p = 0.023). In the language domain there were no significant differences among groups.
Performance on the visual object-matching task
The groups did not differ in either the conventional view task condition (p = 0.080) or in the control task condition (p = 0.110), for results in raw scores, see Table 2 for task accuracy. We found significant differences across groups only for the unconventional view task condition (p = 0.007). The post-hoc tests revealed that both AD-MCI and PD-MCI differed from HC (p = 0.003 and p = 0.011, respectively). Therefore, we used the unconventional vs. conventional view task conditions contrasts for the second-level (between groups) fMRI data analyses. Results for reaction times are displayed in Table S3 in Supplementary material. No significant differences across groups were found.
MRI results: structural
There were no significant differences in GMV across the two cohorts of interest as assessed by VBM (data not shown). However, direct pairwise comparison between AD-MCI and HC revealed GMV decreases in the posterior cingulate cortex and precuneus in AD-MCI indicating the involvement of these early AD cortical signature regions (Dickerson et al., 2009) ; p < 0.05 (FWE corrected, cluster level), see Table S4 in Supplementary material.
MRI results: functional
The results of the unconventional vs conventional view task contrast in the HC and patient groups are shown in Fig. 2 and summarized in Tables S5a-d in Supplementary material. Consistent with previous functional imaging studies (Ganis et al., 2007; Kosslyn et al., 1994; Schendan and Stem, 2007; Schendan and Stern, 2008) , an unconventional views effect in HC was observed in object-sensitive visual areas within the ventral (temporo-occipital) and dorsal (occipito-parietal) pathways and in frontoparietal areas implicated in selective attention, working memory, and executive control including anterior cingulate cortex (ACC), anterior insula, inferior frontal gyrus (IFG), middle frontal gyrus (MFG), and superior and inferior parietal lobules (SPL, IPL, respectively) (Fedorenko et al., 2013; Niendam et al., 2012; Spreng et al., 2010; Vincent et al., 2008) . Similar brain regions were engaged in the PD-NC group (though the clusters were smaller in size), see Fig. 2 and Table S5b. In the PD-MCI group the unconventional vs conventional view task contrast revealed significant activations in bilateral inferior temporal gyri and inferior frontal and precentral gyri only, see Fig. 2 and Table S5c . The AD-MCI subjects significantly engaged only temporo-occipital cortices, see Fig. 2 and Table S5d . Mean accuracy ± SD (accuracy was assessed as percentage of correct responses), maximum score = 100, i.e. the best task performance. Significant between-groups differences (as revealed by post-hoc tests) are in bold marked with superscripts and showing that both MCI groups differed from HC only in the unconventional view task condition.
In comparing the HC, PD-NC, and PD-MCI cohorts in the second level analysis, an ANOVA revealed significant differences in the right ACC (p = 0.000) and right SPL (p = 0.007) (results are shown in the Table 3a ). Using a post-hoc t-test we found that PD-MCI and HC groups differed in activation of ACC (decreased in PD-MCI) while PD-MCI as compared to PD-NC showed significantly decreased activation of the right SPL (p = 0.004), see Fig. 3 .
In the HC, AD-MCI and PD-MCI cohort comparison, an ANOVA revealed differences in the right MFG (p = 0.000) and right IFG (p = 0.000) (results of the analysis are summarized in the Table 3b ). Using the post-hoc t-test we found that only AD-MCI and HC groups differed in activation of the right MFG/ IFG which was decreased in the AD-MCI group (p = 0.014), see Fig. 3 .
ROC analysis based on fMRI contrast in areas of specific betweengroups differences
ROC analysis based on the fMRI contrast in the right MFG/IFG was significant for distinguishing AD-MCI from HC, AUC = 0.80 (0.70-0.90). fMRI contrast in the ACC significantly differentiated PD-NC from PD-MCI, AUC 0.82 (0.67-0.96). The best result was achieved by ROC analysis of fMRI contrast in the right SPL which distinguished PD-MCI from PD-NC with 87.5% sensitivity and 86.98% specificity, AUC = 0.94 (0.86-1.00), see Supplementary Fig. S1 .
The LOOCV technique based on contrast files for unconventional vs conventional view task conditions in the right SPL revealed a high sensitivity (86.7%) for distinguishing PD-MCI from PD-NC while specificity was also good (83.3%).
In order to interpret our fMRI results in MCI groups we performed correlation analyses between behavioural measures (task accuracy and reaction times) and relevant fMRI contrasts in our regions of interest (i.e. regions of significant between-groups differences) separately in the AD-MCI and PD-MCI groups. Detailed results are depicted in Tab S6a-d in Supplementary material.
In the PD-MCI group we found significant positive correlations between unconventional vs. conventional view task fMRI contrast of the right SPL and the unconventional view task accuracy (R = 0.46) as well as conventional view task accuracy (R = 0.45). The same fMRI contrast in the right MFG was negatively correlated with reaction times of the unconventional view task only (R = −0.44). When the unconventional view task vs. control task fMRI contrast was taken into account we found significant correlation between ACC values and task accuracy of the unconventional task condition and between ACC values and reaction times of the conventional task, while MFG and IFG fMRI contrast values were related only to conventional view task accuracy, see Tab S6b in Supplementary material.
In the AD-MCI group we found significant negative correlation only between unconventional view task vs. control task fMRI contrast and reaction times in the right MFG for both conventional and unconventional tasks (R = −0.57 and R = −0.61, respectively).
Discussion
In this study we used an fMRI paradigm involving matching objects from conventional vs. unconventional views to investigate neural correlates of bottom-up vs. top-down visual processing in patients with Neuropsychologia 106 (2017) 236-244 neurodegenerative disorders. In our HC subjects the fMRI contrast of unconventional vs. conventional views tasks demonstrated increased recruitment of both domain-specific temporal-occipital/ventral pathway and occipito-parietal/dorsal pathway visual areas, as well as the engagement of domain-general frontoparietal regions implicated in top-down control of visual processing. These results are consistent with the notion that recognizing objects under impoverished or unfamiliar viewing conditions requires the engagement of an "object model verification process" (OMVP) (Ganis et al., 2007; Kosslyn et al., 1994; Schendan and Stem, 2007; Schendan and Stern, 2008) . According to OMVP theory, the greater task difficulty associated with identifying objects from unconventional views is expected to produce increased activation of both domain-general frontoparietal networks involved in selective attention, working memory, and executive control (Ganis et al., 2007; Kosslyn et al., 1994; Lowe, 2000) and domain-specific regions within the dorsal and ventral visual pathways. The enhanced recruitment of domain-specific regions occurs because the cognitive operations required for identifying objects presented in unconventional views are likely to involve mental rotation mediated by the dorsal pathway (Ganis et al., 2007; Kosslyn et al., 1994; Schendan and Stem, 2007; Schendan and Stern, 2008) , as well as extensive search for stored memory representations of objects within the ventral pathway that provide the best match for the visual input. Therefore, an "unconventional views effect" in brain activation is observed both in domainspecific visual areas that represent structural information about objects and in domain-general frontoparietal attention and executive control networks. Interestingly, in our cognitively impaired patients bottom-up processing within domain-specific visual areas was still preserved and was similar to that of HC. By contrast, both MCI groups showed decreased engagement of domain-general frontoparietal regions implicated in attention and executive control, including the right ACC, SPL (PD-MCI vs. HC and PD-NC, respectively) and right IFG/MFG (AD-MCI vs. HC), suggesting that the behavioural deficit was primarily attributable to defective top-down regulation of visual processing and subsequent failure of OMVP. The correlation analysis with behavioural results further supports this notion. Furthermore, these functional abnormalities preceded structural brain changes, as VBM demonstrated no significant frontoparietal cortical atrophy in patients compared to HC.
As for AD-MCI and subjects at-risk for AD, previous studies have shown increased activation and connectivity within domain-specific visual and domain-general frontoparietal regions during tasks involving recognition of objects from unconventional views (Jacobs et al., 2015) and mental rotation (Jacobs et al., 2012; Yassa et al., 2008) compared to HC. It is important to emphasize that the behavioural tasks of the abovementioned studies were slightly different from that in the current study. Moreover, participants with presumed AD pathology in these studies still performed within normal range on the cognitive tasks, suggesting that increased engagement of domain-specific and domaingeneral regions probably reflected the neural correlates of successful compensation. In our AD-MCI patients reduced activation of domaingeneral frontoparietal regions was associated with a behavioural deficit on the unconventional views task providing evidence that compensatory mechanisms were no longer available. Taken together, there seems to be a continuum from compensatory increase in neural activation/ connectivity in subjects at-risk for AD and AD-MCI with preserved task performance to decreased activation/connectivity in AD-MCI patients with a behavioural deficit indicating loss of neural capacity for compensation. Importantly, reduced neural activation was only observed in domain-general regions while recruitment of domain-specific regions within the ventral and dorsal visual pathways was still preserved in our AD-MCI group.
There was no significant difference in activation between AD-MCI and PD-MCI subjects suggesting that similar pathophysiological mechanisms (i.e. impaired recruitment of domain-general frontoparietal networks resulting in defective top-down control of visual processing)
were responsible for the deficits in the unconventional views task in both patient groups despite distinct brain pathologies (although different network nodes were implicated in AD-MCI vs. PD-MCI compared to HC). The proposed breakdown of frontoparietal attention and control networks is also supported by the fact that both MCI groups showed significant impairments on standard neuropsychological tests of attention and executive function and calculated cognitive domain z-scores compared to HC (see Supplementary material, Tab. S1 and S2a-f). Our results are consistent with other fMRI studies demonstrating decreased activation/connectivity within frontoparietal attention and executive control networks in amnestic AD-MCI as compared to HC (Neufang et al., 2011; Rombouts et al., 2002; Saykin et al., 2004; Sorg et al., 2007) , and in PD-MCI as compared to PD-NC (Amboni et al., 2015; Baggio et al., 2015; Gratwicke et al., 2015) , and with cognitive studies demonstrating impaired top-down control of visual attention in PD (Tommasi et al., 2015) and in AD-MCI (Redel et al., 2012) . While impaired attention, working memory capacity and executive function in PD-MCI have been mostly linked to fronto-striatal and mesocortical dopamine network deficits (Gratwicke et al., 2015; Cools et al., 2008) , dementia in both AD and PD has been related to cholinergic network dysfunction (Ballinger et al., 2016; Bohnen et al., 2015 Bohnen et al., , 2003 Francis et al., 1999; Hilker et al., 2005; Perez-Lloret and Barrantes, 2016) . Of note, cholinergic afferents are relatively enriched in frontal cortices (Petrou et al., 2014) and prefrontal projections to the nucleus basalis of Meynert may modulate cholinergic inputs to sensory cortices and thus represent another component of the top-down frontoparietal attention network (Gratwicke et al., 2015) (in addition to direct projections from frontoparietal cortices to extrastriate visual areas). In line with this notion, treatment with a cholinesterase inhibitor (ChEI) led to increased activation in prefrontal regions and improved attention and working memory in both AD-MCI (Rombouts et al., 2002; Saykin et al., 2004) and PD-MCI (Possin et al., 2013) . Pharmacological-fMRI-behavioural study using our fMRI paradigm might shed further light on pathophysiological mechanisms underlying the visual deficits demonstrated in both MCI groups and help determine whether similar interventions can improve top-down attentional control of visual processing.
Our PD-NC patients revealed no significant abnormalities of brain activation or impaired performance on the visual object-matching task compared to HC. When PD-MCI group was directly compared with HC and PD-NC using a post-hoc test, decreased activation of ACC and SPL was demonstrated in the PD-MCI group. The abnormal engagement of ACC in PD-MCI and PD-dementia has been related to reduced dopaminergic function (Ito et al., 2002) and higher Lewy body densities (Kövari et al., 2003) and has been held responsible for poor performance of frontal executive tasks (Fera et al., 2007; Rosenberg-Katz et al., 2016) .
In terms of SPL, our findings are consistent with the results of Nombela et al. (2014) who reported reduced engagement of SPL and precuneus during a mental rotation task in non-demented PD patients. Interestingly, our right SPL peak coordinate (x = 21, y = −58, y = 61) is very close to the coordinate (26, −53, 65) which was implicated in a mental rotation task and was associated with increasing angle of rotation (Gogos et al., 2010) . However, we would like to point out that SPL is a critical node of the dorsal attention network (Corbetta and Shulman, 2002 ) and this region is consistently engaged when performing a variety of demanding visuospatial and visuoperceptual tasks requiring the deployment of selective attention (e.g., mental rotation, recognition of objects from unconventional views, identification of degraded objects or words, visual search (Cohen et al., 2008; Ganis et al., 2007; Nee et al., 2013; Vandenberghe et al., 2012; Zacks, 2008) . In line with these results our SPL peak coordinate was very similar to the coordinate of the SPL engaged in the dorsal attentional network (24, −56, 55) as described by Gao and Lin (2012) and depicted using rsfMRI data and functional connectivity analysis. Moreover, we found significant robust correlations between the fMRI (unconventional vs. conventional task condition) contrast in SPL and our behavioural task accuracy for both unconventional and conventional view task conditions in the PD-MCI group suggesting that the SPL engagement was not specific just for our unconventional view task condition with one rotated object. Taken together, it seems that our SPL region is more likely involved in attention rather than just mental rotation, i.e. it is sensitive to task difficulty rather than task content. However, we have to acknowledge that our fMRI task design does not enable to fully distinguish between the SPL involvement in the dorsal visual pathway and dorsal attentional network.
Lastly, our result may also reflect a reduction in working memory capacity in the PD-MCI group since working memory demands are increased when the first target must be remembered in enough detail to mentally rotate. By definition, working memory manages the encoding, maintenance and use of mental representations. Our peak SPL coordinate (21, −58, 61) was almost identical to the coordinate (24, −57, 60) reported by Rahm et al. (2014) to be implicated in the visual working memory task performance which did not involve mental rotation but was related to memory load. This result provides additional evidence that SPL has more general role in attention/executive control since we believe that working memory and selective attention/executive control are overlapping constructs with common neural substrates that are impossible to separate based on fMRI data. Notably, working memory capacity deficits have been reported already in early PD stages and deteriorate with the disease progression (Cools et al., 2008; Litvan et al., 2012; Fallon et al., 2015) .
Functional imaging abnormalities in posterior cortical regions have been related to cognitive decline in PD (Bohnen et al., 2003; GarciaGarcia et al., 2012; Hosokai et al., 2009; Huang et al., 2008 Huang et al., , 2007 Liepelt et al., 2009; Pappata et al., 2011) , progression of cognitive deficits (Olde Dubbelink et al., 2014) ; and changes in intersecting pentagon drawing, i.e. a task associated with posterior cortical functions was a predictor of PD-dementia (Williams-Gray et al., 2009 . In our study, the magnitude of activation in SPL differentiated PD-NC from PD-MCI with a high sensitivity and specificity while the two groups of PD patients did not significantly differ in task accuracy. Therefore, aberrant activation in this area seems to precede behavioural changes in this patient group.
Conclusions
Results of fMRI analysis using a visual object matching paradigm with conventional vs. unconventional view contrasts revealed that impaired task performance in both AD-MCI and PD-MCI groups was associated with decreased engagement of domain-general frontoparietal networks involved in working memory tasks and in the top-down control of visual processing required for successful implementation of OMVP. By contrast, recruitment of domain-specific visual areas underlying bottom-up processing remained relatively preserved. Differences between PD-MCI and PD-NC were found particularly in the right SPL, a critical component of the dorsal attention network, and ROC analysis of fMRI data within this region distinguished PD-MCI from PD-NC with a high sensitivity and specificity. The fMRI contrast in this region was associated with our behavioural task accuracy in the PD-MCI group. Therefore, aberrant SPL activation may serve as an early imaging biomarker of incipient PD-MCI. Further longitudinal studies are needed to determine the utility of our fMRI paradigm as a preclinical marker of mild cognitive impairment and dementia in PD.
